To investigate the relative efficacy of both positive and purifying natural selection on the X chromosome and the autosomes in Drosophila, we compared rates and patterns of molecular evolution between these chromosome sets using the newly available alignments of orthologous genes from 12 species. Parameters that may influence the relative X versus autosomal substitution rates include the relative effective population sizes, the male and female germline mutation rates, the distribution of allelic effects on fitness, and the degree of dominance of novel mutations. Our analysis reveals that codon usage bias is consistently greater for X-linked genes, suggesting that purifying selection consistently has greater efficacy on the X chromosome than on the autosomes across the Drosophila phylogeny. However, our results are less consistent with respect to the efficacy of positive selection, with only some lineages showing a higher substitution rate on the X chromosome. This suggests that either the distribution of selective effects of mutations or other relevant parameters are sufficiently variable across species to tip the balance in different ways in individual lineages. These data suggest that rates of substitution are not solely governed by adaptive evolution. This genome-wide analysis provides a clear picture that the efficacy of selection varies intragenomically and that this effect is markedly more consistent across the phylogeny in the case of purifying selection. Our results also suggest that simple models that predict systematic differences in rates of evolution between the X and the autosomes can only be made to be compatible with these Drosophila data if the relevant population genetic parameters that drive substitution rates differ among species and chromosomal contexts.
Introduction
The efficacy of natural selection depends on a number of different parameters such as the magnitude of selection coefficients, the distribution of dominance coefficients of allelic variants, and the effective population size. When the effects of selection are relatively weak, the selective effects of linked mutations may also contribute, making factors such as recombination rate and chromosomal location important determinants of rates of fixation of beneficial and deleterious alleles. Because it is affected by a multitude of factors, the efficacy of natural selection can vary widely among species but may vary across genomic contexts within a species as well. In particular, for taxa such as Drosophila in which males are hemizygous for the X chromosome, the increased visibility of novel mutations to selective forces in males may lead to an overall increase in the efficacy of natural selection on the X chromosome relative to the autosomes. However, the reduced effective size of the X chromosome relative to the autosomes, assuming equal effective numbers of breeding males and females, implies that weakly selected variants on the X may have their dynamics mediated to a greater degree by neutral drift. This may ultimately temper the heightened efficacy of selection on the X chromosome arising from hemizygosity of the X chromosome in males.
Increased rates of substitution on the X chromosome resulting from increases in the efficacy of positive selection on this chromosome arise under a variety of conditions. Table 1 presents theoretical ratios of substitution rates of the X chromosome to the autosomes in a single-locus model with selection coefficients s f and s m in females and males, respectively, mutation rates l m and l f in males and females, respectively, and dominance parameter h (Charlesworth et al. 1987; Vicoso and Charlesworth 2006) . This theory suggests that if novel mutations are on average at least partially recessive (defined here as 0 , h , 0.5), then rates of adaptive evolution on the X chromosome should exceed those on the autosomes (traditionally referred to as the ''faster-X'' hypothesis) (Avery 1984; Charlesworth et al. 1987) ; this inequality holds for both small and large coefficients of selection (Betancourt et al. 2004) .
It is important to note that the above predictions are based on the assumptions of equal numbers of breeding males and females, equal mean and variance in reproductive success for the sexes (i.e., no segregating variation in fitness apart from newly arisen mutations), and identical distributions of selection and dominance coefficients acting on novel mutations. If selection acts on mutations already segregating in the population, then rates of adaptive evolution on the autosomes will exceed those on the X chromosome (Charlesworth et al. 1987) ; in the case where segregating alleles that were previously deleterious become beneficial, this inequality holds for all coefficients of dominance (Orr and Betancourt 2001) . Moreover, if the selective effects of mutations differ between males and females, and if in particular there are opposing selective pressures in the 2 sexes, then alleles that favor males at the expense of females enjoy an evolutionary advantage when they are autosomal rather than X-linked (Rice 1984) . Partially recessive alleles that favor females at the expense of males show the opposite tendency (Charlesworth et al. 1987) (table 1) .
Increases in the efficacy of purifying selection on the X chromosome, in contrast, are predicted to have an opposing effect on rates of substitution under certain conditions (table 1) . More efficient removal of deleterious alleles will reduce the substitution rate of deleterious mutations for those mutations that are at least partially recessive (Charlesworth et al. 1987) , which would lead to decreased rates of substitution on the X chromosome. Moreover, because codon bias is modulated by weak selection on synonymous sites and is a consequence of selection-drift-mutation balance (Sharp and Li 1986; Bulmer 1991; Akashi 1997; McVean and Charlesworth 1999) , an increase in the efficacy of purifying selection on the X also predicts that codon bias should be greater for X-linked genes than for autosomal genes.
The newly available whole-genome sequences of 12 Drosophila species afford us an unprecedented opportunity to assess differences in the relative efficacy of selection on the X chromosome and the autosomes. Not only can we explore potential variation in the efficacy of selection between the X and autosomes within each of these 12 species but we can also examine this question in a clade-specific context for the first time, at a genomic scale. Because we can generate a priori predictions regarding the effects of an increased efficacy of positive selection on rates of substitution, we examined potential differences in the efficacy of positive selection between the X and the autosomes by comparing substitution rates of X-linked and autosomal genes. The availability of genomic sequence from so many closely related species facilitates identification of genes evolving under positive selection across the phylogeny in addition to genes with lineage-specific increases in evolutionary rate. This affords us the opportunity to test for increased efficacy of positive selection on the X chromosome in subsets of rapidly evolving genes.
Our results provide strong support for an increased efficacy of purifying selection on the X chromosome across the Drosophila phylogeny. However, there does not appear to be a strong signal of an increased efficacy of positive selection on the X chromosome in these species, as rates of substitution are not systematically increased on this chromosome. The results are sensitive to the metric of substitution employed in the comparison and vary considerably among species. We suggest that whereas positive selection may be more efficacious on the X chromosome, adaptive evolution from novel mutations is not sufficiently pervasive to systematically inflate substitution rates on the X chromosome in Drosophila.
Materials and Methods

Coding Sequence Alignments
Two sets of alignments were used for this analysis, both of which are based on the masked alignments as described elsewhere (Drosophila 12 Genomes Consortium 2007). The first set includes 8510 genes with a single ortholog in the 6 species in the melanogaster group, the largest clade without saturation at synonymous sites. This set was used for inferences of x, d N , and d S in the melanogaster group (described below). The second set includes 6698 genes with a single ortholog in all 12 fully sequenced Drosophila genomes. This set was used for inferences of amino acid divergence and codon bias across the Drosophila phylogeny (described below).
Evolutionary Analysis
Estimates of x, d N , and d S were obtained for each of the 8510 alignments in the melanogaster group from branch models run in PAML (version 3.1) (Yang 1998) . The codon substitution model used here makes a number of assumptions whose validity we discuss throughout the paper. An assumption in this model is that there is no heterogeneity among sites in selection pressure (i.e., x is constant across sites). These models allowed us to obtain branch-specific estimates of evolutionary rate parameters. Five branch tests were used, where for each test, one terminal lineage of the melanogaster subgroup was allowed to have a different x than the rest of the melanogaster group phylogeny. Note that Drosophila ananassae was included in the phylogeny, but given the near saturation at synonymous sites, we did not use branch models for this lineage.
We used 2 methods to estimate rates of adaptation on a particular branch of the phylogeny. Our first method was to assess the rate of evolution of each gene on a terminal branch relative to the rest of the phylogeny and identify genes that show a significant relative acceleration in evolutionary rate on that branch using the branch-specific codon substitution models described above. To test for significant differences in x between each terminal lineage and the rest of the tree, we performed likelihood ratio tests (LRT) assuming that the LRT statistic follows a v 2 distribution. Inspection of the distribution of the LRT statistic revealed that this assumption is appropriate, as it conforms well to the v 2 distribution. A significant P value for this test coupled with the observation that the terminal branch x exceeds the estimate of x for the rest of the phylogeny indicates a branch-specific acceleration for a gene. Our second method was to test for positive selection across the entire phylogeny. The test for positive selection across the phylogeny compares models that allow x to vary among sites (M7 and M8) and identifies genes that show support for a class of codons within the gene with x .1. The test for positive selection was done by comparing models M7 and M8 and using simulations to generate a null distribution of LRT statistics to generate P values for this test (for a full description of methods, see Drosophila 12 Genomes Consortium 2007 or Larracuente et al., forthcoming) . Any genes that had a significant deceleration on a particular lineage from the branch models were removed from that species' analysis. All PAML results (including P values) are available for download at FlyBase (ftp://ftp.flybase.net/ 12_species_analysis).
We also estimated amino acid divergence for orthologous sequences in the set of 6698 alignments for all 12 
a When the assumption of equal numbers of breeding males and females is relaxed, the ratio of breeding males to breeding females also plays a role in the expected relative substitution rates on the X and the autosomes. These results are presented in supplementary figure 4 (Supplementary Material online). b k is the ratio of fitness effects on females and males.
NOTE.-N/A 5 not applicable.
sequenced Drosophila genomes. We used a model implemented in the CODEML package in PAML that translates codons to amino acids to estimate amino acid divergence for each branch of the phylogeny. We report the terminal branch lengths for individual species with 2 exceptions. Because of the short terminal branch lengths for Drosophila persimilis and Drosophila pseudoobscura, the amino acid divergence on the shared branch immediately preceding the split of these 2 lineages was added to the terminal amino acid divergence of each of these 2 species. Thus, the intragenomic comparisons of rates of evolution are expected to be similar for D. persimilis and D. pseudoobscura given our methodology.
Estimates of amino acid divergence for clades were obtained by summing relevant internal and external branches for only those genes whose Muller element locations had been conserved. For instance, for the melanogaster complex clade, we included each of the 3 terminal lineages in addition to the shared sechellia/simulans lineage. Only the 1878 genes for which the tree topology with Drosophila yakuba and Drosophila erecta as sister species had highest support were included in these clade-specific analyses. This was out of necessity, as these species do not form a clade in the other tree topologies. This approach does limit the impact of phylogenetic incongruence across the genome, as it focuses the analysis on those genes that do not appear to bear strong signatures of lineage sorting. However, one issue we cannot account for is phylogenetic incongruence within the context of a certain gene. Although this can pose challenges for phylogenetic inference (Wong et al. 2007 ), we believe that this issue will introduce noise rather than a systematic biases in our results. For the analyses of pairs of orthologs for which in one species the pair is X-linked and the other species the pair is autosomal, we compared the relative amino acid divergence. The relative amino acid divergence was calculated for each gene as the amino acid divergence for the clade-specific branch for that gene normalized by the mean amino acid divergence across genes for that clade.
To estimate divergence at 4-fold degenerate sites, we extracted the 4-fold degenerate sites from the alignments of coding sequences in the melanogaster group and used BASEML with an unrooted tree to estimate terminal branch lengths. We restricted ourselves to those genes with at least 100 four-fold degenerate sites; in total, we have divergence estimates for 4712 genes. For clade-specific analyses on divergence at 4-fold degenerate sites, only the 3068 genes for which the tree topology with D. yakuba and D. erecta as sister species had highest support were included, and genes whose Muller element locations were not conserved across species were not considered.
Lineage-specific evolutionary parameter estimates were based on the tree topology with the highest likelihood. For the clade-specific analysis, we restricted the analysis to the 4925 genes for which the tree topology with D. yakuba and D. erecta as sister species had highest support, and we further restricted ourselves to the subset of genes whose Muller element locations have been conserved across species. For each gene, the clade-specific branch lengths were obtained by summing relevant internal and external branches of the phylogeny (see above).
Estimates of x for the 4-species comparisons were taken from PAML model M0 based on 2-species alignments of orthologous sequences in Drosophila melanogaster/Drosophila simulans and D. pseudoobscura/D. persimilis species pairs. We generated those alignments by extracting the appropriate sequences from the multispecies alignments in the data set of 6698 genes with single orthologs in all 12 genomes. We limited this analysis to the subset of genes for which Muller element locations had been conserved in all 4 species.
Statistics and Multiple Test Correction
All reported P values are based on 2-tailed tests unless specifically stated otherwise. Given the number of statistical comparisons performed, we employed several different corrections for multiple testing. For the M7 versus M8 comparison, we controlled the false discovery rate (FDR) by estimating q values (Storey and Tibshirani 2003) using the q value package in R (described in Drosophila 12 Genomes Consortium 2007; Larracuente et al., forthcoming) . Unless otherwise stated, we used a FDR threshold of 0.1, implying that the set of genes satisfying this criterion is expected to include 10% false positives. For the other statistical comparisons requiring correction for multiple tests, we used Holm's method for sequential Bonferroni correction (Holm 1979) ; these P values are referred to as ''adjusted'' P values throughout the text.
Genic Features
We estimated the degree of codon bias for all genes in the set of alignments based on orthologous sequences in all 12 genomes. We used a stand-alone implementation of codonW (downloaded from http://codonw.sourceforge.net) and used the codons defined as preferred in D. melanogaster to estimate the frequency of optimal codons (FOP) for each gene in each species. The application of preferred codon definitions from D. melanogaster to the remaining species in the genus is not likely to adversely affect our results, as codon preferences appear highly conserved across the phylogeny (Vicario et al. 2007; Drosophila 12 Genomes Consortium 2007) .
We obtained tissue-specific expression data for 7 adult tissues (brain, midgut, hindgut, malphigian tubule, testis, ovary, accessory gland) from FlyAtlas (www.flyatlas.org) (see Wang et al. 2004; Chintapalli et al. 2007) . Expression had been assayed on Affymetrix Dros2 microarrays with 4 independent replicates for each tissue. With the exception of the testis, ovary, and accessory gland, these expression estimates are from tissues dissected from equal numbers of males and females. Specificity of expression was measured by s5
ðn À 1Þ with S representing the signal intensity and n representing the number of tissues (Yanai et al. 2005) . The log(S j ) was set to 0 for any gene detected on 0 or 1 out of 4 arrays for a given tissue. To limit our analysis to genes with no evidence of male-specific expression patterns, genes with s ! 0.9 and expressed in the testes or accessory glands were removed.
Chromosomal locations of every gene in each species were based on scaffold-to-Muller-element maps kindly provided by A. J. Bhutkar based on methodology described elsewhere (Bhutkar AV, Schaeffer SW, Russo S, Xu M, Smith TF, Gelbart WM, personal communication Bhutkar et al. 2006) . Only genes whose locations could be unambiguously mapped to a particular Muller element in the species under study were included in this analysis. We will refer to Muller element A as the ''X'' chromosome in all 12 species, and in Drosophila willistoni, D. persimilis, and D. pseudoobscura, Muller element D is referred to as the ''neo-X.''
Results and Discussion
Because of the hemizygosity of the X chromosome in Drosophila males, the efficacy of natural selection is expected to be greater than that on autosomes provided the adaptive mutations are at least partially recessive (table 1) . This should manifest as a systematic molecular evolutionary difference in substitution rate between the X and the autosomes. A great deal of theoretical attention has been devoted to exploring potential differences in rates and patterns of evolution on the sex chromosomes and the autosomes, which has led to several testable hypotheses and explicit empirical tests (for review, see Vicoso and Charlesworth 2006) . Here we explore differences in the efficacy of natural selection between the X and the autosomes in the context of the 12 species Drosophila phylogeny by comparing rates and patterns of molecular evolution on the X chromosome and the autosomes.
Neutral Evolution
Predictions regarding the effects of increased efficacy of natural selection on rates on substitution are sensitive to underlying assumptions regarding mutation rates, lifehistory characteristics, as well as demography. In particular, the X chromosome should experience higher rates of adaptive substitution than the autosomes assuming equal effective numbers of breeding males and females, that adaptive mutations are new, an adaptive mutation rate on the X chromosome at least equaling that of the autosomes, and at least partial recessivity (Avery 1984; Charlesworth et al. 1987; Betancourt et al. 2004) . To assess the validity of these assumptions, we investigated rates of substitution at potentially neutral sites, as several nonselective factors can lead to differences in the neutral substitution rate between the X chromosome and the autosomes. For instance, increased mutation rates in males or females should result in increased rates of substitution at these potentially neutral sites on the autosomes or X chromosome, respectively (table 1). In mammals, the elevated number of mitotic divisions in the male germline results in a higher male mutation rate (Drost and Lee 1995) , which reduces X-linked divergence at neutral sites relative to that on the autosomes. In Drosophila, the numbers of mitotic divisions appear to be comparable in the male and female germline (Drost and Lee 1995) , though the possibility remains that there are sex-specific differences in underlying mutation rates in this system. Coupled with differences in mutation rates, differences in the effective number of breeding females and breeding males (mediated by a sex ratio unequal to one and/or differences in the variance of breeding success between males and females) will also influence the neutral substitution rates on the X chromosome and the autosomes. In particular, as the ratio of effective numbers of breeding females to breeding males increases, the ratio of effective sizes of the X and autosomes increases from the expected 3 = 4 ratio under an assumption of equal numbers of effective males and females and can approach or even exceed unity (Hartl and Clark 2007) . Inferences of the sex ratio in natural populations based on polymorphism data are consistent with deviations from the expected 3 = 4 in several populations of D. melanogaster (Hutter et al. 2007; , though the direction and magnitude of the deviations vary across populations. Following the assumptions of the nearly neutral model (Kimura 1983) , increases in effective size decrease the fixation probability of novel neutral (slightly deleterious) mutations and therefore lead to decreases in substitution rates. Finally, due to differences in effective size between the X chromosome and the autosomes, these chromosomes are differentially affected by demographic events such as population bottlenecks: under a model with equal numbers of effective males and females, a population bottleneck is effectively more severe on the X chromosome than on the autosomes (Pool and Nielsen 2007; Wall et al. 2002) . Thus, neutral rates of substitution on the X chromosome may be less than, equal, or even exceed rates of substitution on the autosomes given sex-specific mutation rates, demography, and differences in the effective sizes of these chromosomes resulting from breeding dynamics.
To assess potential sex-specific mutational biases as well as the impact of demography and life-history characteristics on neutral substitutional patterns, we investigated rates of evolution at 4-fold degenerate synonymous sites in the 5 species in the melanogaster subgroup for which saturation at synonymous sites has not been reached. These results are presented in figure 1A and table 2 (see also supplementary fig. 1 , Supplementary Material online). It is important to note that these synonymous sites are likely subject to selection on codon bias and are thus not truly ''neutral'' (e.g., Akashi 1994; Powell and Moriyama 1997) . However, within the context of protein-coding sequences, synonymous sites are less constrained than nonsynonymous sites, and because selection on codon bias is weak, we do expect that divergence at 4-fold degenerate sites can shed light onto putative mutation differences between the sexes. Although we acknowledge that selection may shape patterns of divergence at 4-fold degenerate sites to some degree, it is also clear that drift plays a role in influencing the dynamics of frequency changes at these sites. Consequently, we will refer to these 4-fold degenerate synonymous sites as neutral throughout the remainder of this discussion, consistent with the terminology of the nearly neutral model.
Previous analysis of silent site and intron divergence between D. melanogaster and D. simulans at 18 loci were suggestive of comparable neutral substitution rates between the X chromosome and the autosomes (Bauer DuMont and Aquadro 1997). Consistent with this finding, genomic analysis revealed no significant difference between the distributions of divergence at X-linked and the pooled autosomal loci in D. melanogaster (median divergence 5 0.054 and 0.053 for the X and autosomes, respectively; P 5 0.12, Mann-Whitney U test), D. yakuba (median divergence 5 0.069 and 0.071 for the X and autosomes, respectively; P 5 0.12, Mann-Whitney U test), or in D. erecta (median divergence 5 0.066 and 0.063 for the X and autosomes, respectively; P 5 0.13, Mann-Whitney U test). However, in Drosophila sechellia and D. simulans, divergence is significantly higher at the pooled autosomal loci (0.021 and 0.017, respectively) than at X-linked loci Table 2 Median (Mean) Divergence at 4-Fold Synonymous Sites (d S4 ), d N , and v for the 5 melanogaster Subgroup Species median X-linked and autosomal (A) divergence at 4-fold degenerate sites for the melanogaster subgroup phylogeny, (B) amino acid divergence for the complete phylogeny, (C) x for the melanogaster group phylogeny, and (D) the FOP for the complete phylogeny. Branches with statistical evidence in support of increases or decreases for X-linked genes are shaded in red and blue, respectively. Branches where there appeared to be no statistically significant differences between the X and the autosomes are in black. Results for both lineage-specific (terminal branches) and clade-specific analysis (internal branches, where possible) are included. For the clade-specific analysis, the internal branch leading to the ancestor of the clade is shaded (to distinguish these results from those lineage-specific analysis), but it is important to note that this branch is not included in the analysis (with the exception of the shared pseudoobscura/persimilis lineage, see Materials and Methods). Only branches descendant to the ancestor of a given clade are considered in the clade-specific analyses. In addition to the ancestral X, Drosophila willistoni, Drosophila pseudoobscura, and Drosophila persimilis also have a neo-X chromosome; asterisks denote species for which the metric of interest is significantly higher on the neo-X chromosome than on the autosomes.
(0.015 and 0.012, respectively) (P ,, 0.0001, MannWhitney U test, both comparisons). Importantly, this result is recapitulated when we restrict our analysis to the genes with least biased (lowest quartile) patterns of codon usage (data not shown), corroborating our suggestion that 4-fold degenerate synonymous sites can be used as a proxy for neutrality. The pattern in D. sechellia and D. simulans is quite strong, and as when we repeat these comparisons on an arm-by-arm basis, rates of divergence on the X chromosome are significantly lower than on every individual Muller element in both species after correction for multiple tests (adjusted P , 0.022, Mann-Whitney U test, all comparisons). In addition, whereas the individual D. yakuba and D. erecta lineages show no differences in neutral rates of evolution between X-linked and autosomal genes, cladespecific analysis reveals a mild yet significant increase in neutral substitution rates on X chromosome (median divergence 5 0.170 and 0.162 for the X and autosomes, respectively; P 5 0.03, Mann-Whitney U test). However, this result should be interpreted with caution given the lack of detectable effect in individual lineages and the fact that the clade-specific analysis is based only on the subset of genes whose most well-supported tree topology is that in which D. yakuba and D. erecta are sister species.
The pattern of reduced X divergence at neutral sites in D. sechellia and D. simulans is consistent with elevated male mutation rates, although it is unexpected to find this pattern restricted to these 2 lineages. Reduced divergence at 4-fold degenerate synonymous sites on the X chromosome may similarly reflect to some degree greater selective constraint at synonymous sites given the increased codon bias of X-linked genes in Drosophila (Comeron et al. 1999; Hambuch and Parsch 2005; Singh et al. 2005) , though again it is unclear why this pattern would be restricted to these lineages in particular. It is important to note that because we are only using a single sequence for each of the studied species, we are conflating polymorphism and divergence. This may be particularly problematic for closely related species pairs such as simulans/sechellia and persimilis/ pseudoobscura where a larger proportion of presumed divergent sites are actually polymorphic in one or both species. This is likely to upwardly bias divergence estimates in autosomal genes more so than X-linked genes, as diversity appears reduced on the D. simulans X chromosome (Begun and Whitley 2000) , and may thus contribute to the decreased X-linked divergence in D. simulans and D. sechellia. It is unclear the extent to which these differences between species in relative rates of divergence at these sites are due to variation among species in mutational patterns, breeding structure, demographic history, levels of X-linked and autosomal polymorphism, or patterns of weak selection, and this is a topic that merits further investigation.
Adaptive Evolution
The efficacy of positive selection can be increased on the X chromosome relative to the autosomes under certain population genetic conditions, leading to increased rates of adaptive substitution on the X chromosome. Specifically, if beneficial alleles are at least partially recessive on average and natural selection acts primarily on novel mutations, then the X chromosome is expected to undergo an increased rate of adaptive evolution relative to the autosomes, assuming equal numbers of effective males and females (Avery 1984; Charlesworth et al. 1987; Betancourt et al. 2004 ). It appears as though deleterious mutations are partially recessive in Drosophila (for review, see Garcia-Dorado et al. 2004) . However, there is little empirical evidence on the distribution of dominance effects of adaptive mutations. Most inferences of the recessivity of beneficial mutations are based on comparing patterns of polymorphism and divergence between X-linked and autosomal genes (Begun and Whitley 2000; Schoefl and Schloetterer 2004; Lu and Wu 2005) . For the purposes of this paper, we will present results in the context of expectations given recessivity of beneficial mutations. However, we note that this choice was not informed by knowledge of the distribution of dominance effects of adaptive mutations but instead was guided by the example set by previous investigations on this topic.
Given that recent studies suggest that a substantial fraction of the Drosophila genome is subject to positive selection (Sawyer et al. 2003 (Sawyer et al. , 2007 Bierne and Eyre Walker 2004; Welch 2006 ; Drosophila 12 Genomes Consortium 2007), we expect to see the effects of any increased efficacy of positive selection on the X chromosome in this system. To date, there have been several empirical tests of this hypothesis in Drosophila, which have yielded inconsistent results (Betancourt et al. 2002; Thornton and Long 2002; Countermanet al. 2004; Musters et al. 2006; Thornton et al. 2006 ). In general, there have been 2 approaches to investigating an increased efficacy of positive selection in Drosophila: comparing rates of evolution between X-linked and autosomal genes within a genome or using paired comparisons among orthologs between species or paralogs of duplicate genes within species in which one gene is autosomal and one gene is X-linked. With respect to the former, there has been evidence in support of higher substitution rates of X-linked genes (Musters et al. 2006) , as well as evidence suggesting comparable rates of evolution on the X and the autosomes (Betancourt et al. 2002) . Paired comparisons also yield contradictory results, with some studies revealing faster evolutionary rates for X-linked paralogs/orthologs (Thornton and Long 2002; Counterman et al. 2004 ) and another showing no such effect (Thornton et al. 2006) . The reasons underlying the discrepancies among these paired approaches are unclear, although statistical power and sampling may play roles given the different scales of these studies.
To investigate potential intragenomic differences in the efficacy of positive selection at a large scale, we compared rates of evolution between the X chromosome and the autosomes using orthologous protein-coding sequences aligned in all 12 Drosophila genomes, as well as those genes that were aligned in the 6 species of the melanogaster group. We employ several measures of rates of protein evolution, including amino acid divergence for all 12 species and the ratio of nonsynonymous to synonymous substitution rates (x) for the melanogaster group. We use both paired and unpaired comparisons to contrast the efficacy of positive selection on the X chromosome and autosomes. Importantly, one potential confounding factor in our analysis is ascertainment bias; we have by necessity limited ourselves to those genes with identifiable orthologs in either the entire phylogeny or within the melanogaster group. In the case of the former, only approximately 1/2 of the genes annotated in D. melanogaster are contained within this data set, and this fraction is certainly biased toward those genes that are evolving sufficiently slowly that orthologs can be readily identified. It is difficult to assess the magnitude of this bias, but assuming that the genes not captured by our analysis evolve similarly to the genes included in our analysis, this ascertainment bias makes our analysis regarding positive selection conservative.
Amino Acid Divergence
We compared rates of amino acid divergence of X-linked and autosomal genes within each of the 12 Drosophila genomes. For most species, the X chromosome and the autosomes evolve at similar rates ( fig. 1B, table 3 , supplementary fig. 2, Supplementary Material online) . However, in D. persimilis when all the autosomal genes are pooled, the X chromosome shows significantly increased rates of amino acid divergence (median amino acid divergence is 0.0797 and 0.0886 for the autosomes and X chromosome, respectively; adjusted P 5 0.0008, Mann-Whitney U test). In addition, in D. pseudoobscura and D. persimilis, rates of amino acid divergence on the X chromosome exceed those rates on the neo-X chromosome (D. pseudoobscura: 0.0758 and 0.0819 for the neo-X and X, respectively; adjusted P 5 0.044, Mann-Whitney U test; D. persimilis: 0.0833 and 0.0886 for the neo-X and X, respectively; adjusted P 5 0.03, Mann-Whitney U test). In D. yakuba and D. simulans, however, autosomal genes show significantly increased rates of amino acid divergence (D. yakuba: 0.0127 and 0.0116 for the autosomes and X, respectively; P 5 0.039, MannWhitney U test; D. simulans: 0.00219 and 0.00144 for the autosomes and X, respectively; P 5 0.029, Mann-Whitney U test). This may in part be due to nonselective effects, as both D. simulans and D. yakuba show increased autosomal divergence at 4-fold degenerate synonymous sites. Notably, although we have reduced confidence in the genome sequences of D. persimilis and D. simulans given their low sequence depth and mosaic assembly, respectively, that the patterns observed in these species are largely echoed in species sequenced to high coverage suggests that these patterns are not artifactual.
It is of note that amino acid divergence on the dot chromosome (Muller element F) is significantly elevated relative to the remaining autosomes in D. melanogaster, D. yakuba, D. erecta, D. ananassae, and D. mojavensis (P , 0.048, all comparisons, Mann-Whitney U test), which is consistent with expectation. Given the putative lack of recombination on this chromosome, genes on the dot chromosome should experience increased rates of substitution due to the fixation of deleterious alleles. Because it may have made our comparisons of X-linked and autosomal substitution rates overly conservative, we repeated the comparison of amino acid divergence between X-linked and autosomal genes removing F-linked genes; the results from this analysis are qualitatively identical with those presented above, which result in part from the small number of Flinked genes (table 3) . Importantly, differences in the gene complements of the X chromosome and the autosomes can also lead to differences in rates of evolution between the 2 chromosome sets. In D. melanogaster, for instance, genes with sexspecific biases in expression pattern appear to be distributed differently throughout the genome. Accessory gland proteins, which play key roles in male reproduction, have a distribution significantly biased toward autosomes (Swanson et al. 2001) , and other proteins with male-biased expression patterns are also depleted on the X chromosome (Parisi et al. 2003; Ranz et al. 2003) . These genes with sex-biased expression patterns may evolve more rapidly than other types of genes, particularly if they are involved in reproduction, as reproductive genes in Drosophila do appear to evolve rapidly (for review, see Haerty et al. 2007; Swanson and Vacquier 2002; Panhuis et al. 2006) . Because these differences in the gene complements of the X and the autosomes may confound our comparisons of evolutionary rates, we repeated our analyses removing genes with male-specific expression patterns (see Materials and Methods). The removal of these genes does not dramatically alter the amino acid divergence results, as D. persimilis still shows evidence in support of an increased substitution rate on the X chromosome whereas D. simulans shows the opposite pattern. For species that show different rates of amino acid divergence between the X and the pooled autosomes, we can more closely examine heterogeneity in evolutionary rate among Muller elements. In D. persimilis, although median amino acid divergence is higher on the X than on every other individual chromosome arm, the increase is only significant in comparison with Muller elements E and F (adjusted P , 0.036, both comparisons, Mann-Whitney U test). Similarly, in D. simulans, although median amino acid divergence is reduced on the X in relation to all other chromosomes, this decrease is not statistically significant in any single arm comparison (adjusted P . 0.27, all comparisons Mann-Whitney U test). Likewise, in D. yakuba, rates of evolution are lower on the X than on every autosomal chromosome arm but only significantly so in the comparison with Muller elements B and F (adjusted P , 0.015, both comparisons, Mann-Whitney U test). Thus, the X-associated decreases and increases in rates of amino acid divergence evident in these species appear to be minor at best, as they only achieve significance when all autosomal genes are pooled.
We can also use evolutionary parameter estimates from internal branches of the phylogeny to investigate clade-specific trends in comparative rates of evolution between the X and the autosomes. In the shared obscura group lineage, which includes both the branch leading to D. pseudoobscura and D. persimilis as well as the terminal branches (see Materials and Methods), rates of amino acid divergence are significantly increased on the X chromosome relative to both the autosomes and the neo-X chromosome (median divergence is 0.0827, 0.0854, and 0.0924 for the autosomes, neo-X, and X, respectively; adjusted P , 0.014, both comparisons, Mann-Whitney U test). Interestingly, amino acid divergence on the X chromosome also appears to be elevated in the melanogaster group, as well as in the subgenus Sophophora. Although this result may reflect an increased power to detect subtle differences in X-linked versus autosomal evolutionary rate by pooling information across internal branches, it remains possible that this is not characteristic of the genome because this cladespecific analysis was limited to 1878 genes.
Although there does appear to be interchromosomal variation in the rates of amino acid divergence, the pattern is not consistent across taxa. Whereas the obscura group, melanogaster group, and Sophophora subgenus in general and D. persimilis in particular do provide tentative support for an increased efficacy of positive selection on the ancestral X chromosome relative to the autosomes and the neo-X chromosome, D. yakuba and D. simulans show precisely the opposite, although the magnitude of these effects appears to be quite small. However, there are several other confounding factors that may also contribute to the observed patterns. Recent demographic events such as population bottlenecks are likely to play a role, though little is known about the demographic histories of most of the species studied here. Furthermore, with respect to D. persimilis, there are inversions on both the X and the neo-X chromosomes that may have been fixed by positive selection (Machado et al. 2007 ); the inversions themselves as well as recent selective pressures on these inversions may also contribute to the pattern of increased rates of evolution on the D. persimilis X and neo-X chromosomes. The extent to which the patterns of amino acid divergence in these species are driven by differences in underlying neutral substitution rate between the X and the autosomes, demographic history, inversions, or selective effects unfortunately remains unclear.
Divergence Estimated by x
Because amino acid divergence does not contain information regarding the substitution process at synonymous sites, we also compared rates of molecular evolution in the context of the melanogaster subgroup, in which saturation at synonymous sites has not as yet been reached. This is particularly important given that rates of substitution at 4-fold degenerate synonymous sites are consistently lower on the X than on the autosomes in 2 of the 5 species. Specifically, we examined x or the ratio of nonsynonymous to synonymous substitution rates per site for all 5 species in this subgroup ( fig. 1C, table 2, supplementary fig. 3 , Supplementary Material online). Whereas there are no cladespecific increases in estimates of x within the melanogaster subgroup, D. sechellia and D. simulans show significant increases in x for X-linked genes as compared with the pooled autosomal genes (D. sechellia: median x is 0.0876 and 0.102 for the autosomes and the X, respectively; P 5 0.0002, Mann-Whitney U test; D. simulans: 0.0589 and 0.0757 for the autosomes and X, respectively; P 5 0.0003, Mann-Whitney U test). This is likely due at least in part to the decrease in neutral substitution rate on the X chromosome in these species, as there are no significant differences in substitution rates at nonsynonymous sites between the X and autosomes in these species (data not shown).
As was the case with amino acid divergence, the inclusion of F-linked genes may have made our analyses overly conservative. We expect estimates of x to be closer to one on the dot chromosome given the reduced efficacy of purifying selection due to the negligible rate of recombination and small effective size of this chromosome. When we removed F-linked genes and repeated this analysis, the results were found to be entirely consistent with those presented above; this is likely due to the small number of F-linked genes (table 2) . Similarly, these results are largely recapitulated when genes with male-specific expression patterns are removed.
Comparing chromosome arms individually indicates that the patterns in these species are not driven by 1 or 2 outlying autosomal chromosome arms. In D. sechellia, estimates of x are higher on the X than on each of the 4 major autosomal arms and significantly higher than on elements B, C, and E (adjusted P . 0.032, all comparisons, MannWhitney U test). Estimates of x are also significantly higher on the X than on each of the 4 major autosomes in D. simulans (adjusted P . 0.035, all comparisons, MannWhitney U test).
These comparisons of rates of molecular evolution at synonymous and nonsynonymous sites within the melanogaster subgroup indicate that when controlling for variation in mutation rate and other factors that contribute to rates of evolution at synonymous sites, there are some species that appear to be evolving in a manner consistent with an increased efficacy of positive selection for X-linked genes. In particular, D. simulans and D. sechellia show higher estimates of x for genes on the X relative to genes on the autosomes. It does remain possible that the increased estimates of x in these species are driven at least in part by a reduced synonymous substitution rate arising from increased constraint on synonymous sites particularly in these species or by segregating polymorphisms that are erroneously inferred to be fixed differences in this recently diverged species pair.
Paired Comparisons
A particularly robust test for an increased efficacy of positive selection on the X chromosome is the paired comparison of rates of evolution between pairs of orthologs in which one pair of orthologs is X-linked and the other pair is autosomal (Thornton et al. 2006) . To apply this test, we can exploit the autosome-X translocation in D. persimilis and D. pseudoobscura, in which the ancestral Muller element D was fused to Muller element A, resulting in a neo-X chromosome. Thus, genes located on the D element are X-linked in these species, whereas they are autosomal in related species such as D. melanogaster and D. simulans. Under a model in which positive selection is more efficacious on the X chromosome, rates of evolution of D-linked genes should be higher in D. pseudoobscura/D. persimilis than in D. melanogaster/D. simulans. To estimate rates of evolution, we chose to use x as it takes synonymous substitution rates into account, which is especially important given the underlying differences in neutral substitution rate between the X and the autosomes observed in several species. Using only genes that map unambiguously to Muller element D in all 4 species, we estimated x in the D. melanogaster/D. simulans paired alignments as well as in D. pseudoobscura/D. persimilis paired alignments. We then compared the number of genes for which estimates of Given that nonsynonymous divergence in this pairwise comparison between D. pseudoobscura and D. persimilis is quite low (mean d N 5 0.008; median d N 5 0.003), which may limit our power to detect differences in evolutionary rate among chromosomes, we employed a similar approach using clade-specific relative rates of amino acid divergence (see Materials and Methods) to test for an increased efficacy of positive selection on the X chromosome. For each gene, we estimated relative amino acid divergence in the melanogaster subgroup, the obscura group, as well as in D. willistoni, where Muller element D has also independently become X-linked. For each Muller element, we counted the number of genes for which (relative) amino acid divergence was higher in the melanogaster subgroup than in the obscura group and vice versa; we obtained similar counts for the comparison of (relative) amino acid divergence between the melanogaster subgroup with D. willistoni. These counts are presented in tables 5 and 6. In the comparison between the melanogaster subgroup and the obscura group as well as the comparison between the melanogaster subgroup and D. willistoni, there is a significant increase in the number of D-linked genes with higher estimates of (relative) amino acid divergence in the obscura group or in D. willistoni than in the melanogaster subgroup when elements B or E are used as the baseline (P , 0.017, Fisher's exact test, all comparisons).
These paired comparisons of orthologs in which one pair of orthologs is X-linked and the other pair is autosomal are particularly appropriate for testing for a greater efficacy of positive selection on the X chromosome, as the assumption is that the only difference between the pairs of genes is their chromosomal location. Thus, many potentially confounding factors such as gene function and degree of constraint are controlled for. The results from these paired comparisons are suggestive of an increased efficacy of positive selection on the X chromosome. However, the observation that the results are somewhat sensitive to the particular element used to generate the null indicates that rates of evolution are heterogeneous among chromosomes even beyond the X-autosome comparison, which may merit further investigation. These results are largely consistent with our analysis of amino acid divergence in the obscura group (above), which provided evidence in support of a heightened efficacy of positive selection in both D. pseudoobscura and D. persimilis as well as in the obscura clade. In contrast, the weak support for faster-X in D. willistoni based on paired 4-species comparisons coupled with the lack of significant difference in rates of amino acid divergence of X-linked and autosomal genes indicate that a model of more efficacious positive selection on the X chromosome clearly is insufficient to explain the pattern of divergence in this species.
Rapidly Evolving Genes
Because rates of substitution on the X should exceed those rates on the autosomes for new advantageous alleles, we expect that an X-associated increase in rate of molecular evolution should be especially pronounced for those genes that appear to be evolving under positive selection. To test this hypothesis, we compared estimates of x for X-linked and autosomal genes in the subset of genes with evidence for positive selection based on the M7 versus M8 PAML comparison (see Materials and Methods). For the putative positively selected genes, when all of the autosomal genes are pooled together, estimates of x are significantly higher for X-linked genes than for autosomal genes in D. simulans (median x is 0.108 and 0.160 for the autosomes and X, respectively; P 5 0.022, Mann-Whitney U test). However, this result is not recapitulated in arm-by-arm comparisons, as the increase in x associated with X-linkage in this species is not statistically significant in comparison to any individual chromosome arm (adjusted P . 0.096, all comparisons, Mann-Whitney U test), which may reflect lack of power due to the small number of genes in the positively selected gene subset.
Because the M7 versus M8 comparison is rather stringent and identifies genes that are evolving under positive selection across the entire phylogeny, we also examined the subset of genes that show lineage-specific accelerations in evolutionary rate (see Materials and Methods) . When all autosomal genes are pooled together, estimates of x are significantly increased for X-linked versus autosomal genes in the subset of genes with lineage-specific increases in evolutionary rate for D. melanogaster and D. sechellia (D. melanogaster: median x is 0.257 and 0.350 for the autosomes and X, respectively; P 5 0.039, Mann-Whitney U test, D. sechellia: median x is 0.399 and 0.468 for the autosomes and X, respectively; P 5 0.043, Mann-Whitney U test). Clade-specific analysis shows increased estimates of x on the X in the D. melanogaster complex as well (median x is 0.165 and 0.193 for the autosomes and X, respectively; P 5 0.039, Mann-Whitney U test). Because of the small sample size in this gene subset, we cannot test each autosomal element against the X chromosome in each species.
The lack of consistent signal could be because many adaptively evolving genes only show evidence for positive selection at a small fraction of their sites (Drosophila 12 Genomes Consortium 2007). It could also be due to a lack of power: because we restricted the analysis to the set of genes with a single ortholog in the melanogaster group, there are fewer genes that show evidence of positive selection and/or have significantly accelerated rates of evolution. We therefore compared the proportion of X-linked and autosomal genes in each of these 2 gene subsets (i.e., positively selected gene subset and subset of genes with lineage-specific accelerations in evolutionary rate) to assess whether the X chromosome was particularly enriched for genes evolving rapidly. In D. sechellia, D. simulans, and D. erecta, there is a marginally significant overabundance of X-linked genes among those genes that show evidence of positive selection across the entire phylogeny (P , 0.089, all comparisons, Fisher's exact test). In addition, within the D. melanogaster species complex, there is a clade-specific, marginally significant overrepresentation of X-linked genes in the positively selected gene subset (P 5 0.055, Fisher's exact test). Similarly, the X chromosome appears to be enriched for genes with lineage-specific accelerations in rate of evolution specifically in both D. sechellia and D. simulans lineages (P , 0.038, both comparisons, Fisher's exact test); we see a similar clade-specific trend in the melanogaster species complex (P 5 0.0026, Fisher's exact test). In D. yakuba, however, there is a dearth of X-linked genes with lineage-specific accelerations in evolutionary rate (P 5 0.023, Fisher's exact test).
Thus, when our sample is enriched for genes evolving in a manner that is consistent with either positive selection across the phylogeny or lineage-specific increases in evolutionary rate, we do see a weak signal of increased efficacy of positive selection on the X chromosome, particularly in the D. melanogaster species complex. This is evidenced not only by differences in the distributions of x between the X and the autosomes but also by the genomic distribution of rapidly and/or adaptively evolving genes.
Purifying Selection
The hemizygosity of the X chromosome in males can lead to increased efficacy of selection against deleterious alleles, or more efficient purifying selection, for novel mutations that are at least partially recessive. Theoretical studies suggest that under a broad range of conditions, the rate of fixation of deleterious alleles should be reduced on the X chromosome (Charlesworth et al. 1987) (table 1) .
Increased Efficacy of Purifying Selection on the X
We examined potential differences in the efficacy of purifying selection among chromosomes by comparing levels of codon bias among orthologous genes aligned in all 12 Drosophila species whose genomes have been fully sequenced. Codon bias is the unequal usage of synonymous codons in protein-coding sequences, and it is thought to be a consequence of selection-mutation-drift balance (Sharp and Li 1986; Bulmer 1991; Akashi 1997; McVean and Charlesworth 1999) . Assuming that there is an optimal or preferred codon for each amino acid, corresponding to the most abundant tRNA, or the least error-prone aminoacyl tRNA charging reaction, then mutations away from these preferred codons might be weakly deleterious.
There are several reasons to believe that codon bias is maintained by purifying selection. First, codon preferences appear almost entirely conserved across the Drosophila phylogeny (Vicario, Moriyama, and Powell 2007 Drosophila 12 Genomes Consortium 2007) , suggesting that codon bias levels are likely near or at equilibrium in natural populations. Consistent with this idea, correlations between species in FOP, one commonly employed metric of codon bias, are . 0.91 within the D. melanogaster subgroup (data not shown). Secondly, given that all preferred codons in Drosophila are G or C ending (Akashi 1995) coupled with the inferred mutational pressure toward A and T in this system (Petrov and Hartl 1999; Singh et al. 2006) , most novel mutations at synonymous sites will be away from preferred codons. We thus believe that it is likely that codon bias is maintained by purifying selection rather than being driven by positive selection and suggest that codon bias may serve as an appropriate proxy for the efficacy of purifying natural selection.
To assess whether codon bias was an appropriate metric for indicating the efficacy of purifying selection, we examined codon bias of genes on the dot chromosome. This chromosome is thought to undergo little if any recombination and should experience markedly less effective purifying selection, which may be manifested as reduced codon bias. With the exception of D. willistoni, genes on the dot chromosome have significantly lower codon bias than genes on every other chromosome arm (adjusted P ,, 0.0001, all comparisons, Mann-Whitney U test). In D. willistoni, Muller elements E and F have fused, and as a consequence, the F element in this species may behave differently from the dot chromosome of other species. However, even in D. willistoni, codon bias of genes on Muller element F is significantly lower than codon bias of genes on all other elements (adjusted P , 0.001, all comparisons, Mann-Whitney U test) but element B. These data thus suggest that codon bias is a sensitive metric for evaluating the efficacy of purifying selection.
To compare the efficacy of purifying selection on the X and the autosomes, we compared levels of codon bias of X-linked and autosomal genes. Previous reports suggest that codon bias of X-linked genes is significantly higher than codon bias of autosomal genes in D. melanogaster (Comeron et al. 1999; Hambuch and Parsch 2005; Singh et al. 2005) and D. pseudoobscura (Singh et al. 2005) , which is consistent with a greater efficacy of purifying selection on the X. Given the newly available comparative genomic data for several additional Drosophila species, we tested whether the increase in codon bias associated with X-linkage was evident across the Drosophila phylogeny.
For all 12 species, estimates of FOP are significantly higher for genes on the X chromosome than for genes on the pooled autosomal chromosomes (P ,, 0.0001, all comparisons, Mann-Whitney U test) ( fig. 1D , table 3, supplementary fig. 1, Supplementary Material online) . In addition, FOP in genes on the neo-X chromosome is significantly higher than FOP in genes on the autosomes for D. pseudoobscura and D. persimilis (P , 0.0002, both comparisons, Mann-Whitney U test). Moreover, FOP for genes on the ancestral X chromosome is significantly higher than FOP in genes on the neo-X chromosome in D. willistoni, D. persimilis, and D. pseudoobscura (P , 0.0001, all comparisons, Mann-Whitney U test).
Comparing FOP of X-linked genes versus genes on individual Muller elements yields similar results. In all species but D. willistoni, codon bias of ancestrally X-linked genes is significantly higher than codon bias of genes on every individual autosomal chromosome arm (adjusted P , 0.0002, all comparisons, Mann-Whitney U test). In D. willistoni, codon bias on the ancestral X chromosome is significantly higher than codon bias of genes on all other elements (adjusted P , 0.0005, all comparisons, MannWhitney U test) except for Muller element E. Therefore, it appears as though the elevated codon bias associated with X-linkage is evident in all Drosophila species sequenced to date; this may reflect an increased efficacy of purifying selection on the X chromosome.
However, because of the indirectness of the evidence, it is important to explore other possible forces that may generate the elevated codon bias on the X. If codon bias were driven by positive selection, the increase in codon bias associated with X-linkage could reflect the increased efficacy of positive selection on the X chromosome. We find this explanation to be unlikely, given the contrast between the consistency of the codon bias pattern across the phylogeny and the marked inconsistency in X versus autosomal rates of protein evolution. Alternatively, the increased codon bias of X-linked genes could result from altered selection pressures on X-linked genes given the dosage problem, as has been suggested previously (Singh et al. 2005) . If the dosage problem can be remediated in part at the level of translation in addition to the level of transcription, then this too could contribute to the observed pattern in codon bias in Drosophila.
Conclusions and Future Directions
The complete sequencing of 12 Drosophila genomes facilitates the investigation of potential differences in the efficacy of natural selection using rates of evolution between the X and the autosomes in ways that were not possible before. Beyond expanding the scale of previous analyses by testing for interchromosomal heterogeneities in the efficacy of selection in a larger number of species, these data also facilitate investigating patterns of evolution that are unique to subsets of the Drosophila phylogeny. In addition, we have combined both paired and unpaired approaches to test specifically for greater efficacy of positive selection on the X chromosome. Finally, the richness of the phylogeny allows for the identification of genes evolving adaptively across species, as well as genes with lineagespecific accelerations in evolutionary rate, which facilitates examining the efficacy of positive selection within rapidly evolving gene subsets.
Our results suggest a consistent elevation in the efficacy of purifying selection on the X chromosome compared with the autosomes. In contrast, an elevated efficacy of positive selection on the X chromosome is detected in only some species. Although some species do show evidence in support of such a model, the results are highly sensitive to the metric employed. The lack of a consistently detectable effect across the Drosophila phylogeny may indicate that adaptive evolution from new mutations is not the dominant force that modulates evolutionary rate in these species.
There are 2 main hypotheses to explain this observation. One hypothesis is that sequence evolution may be governed primarily by selective constraint, which would reduce rates of evolution on the X chromosome; the balance between the relative rates and strengths of positive versus purifying selection is likely to ultimately determine overall rates of coding sequence evolution between the X and the autosomes. It is not obvious that this balance will necessarily be the same among species, which could explain why some species show evidence in support of an increased efficacy of selection on the X chromosome and other species do not. Alternatively, it may be that positive selection does indeed play a large role in the evolution of proteincoding sequences in Drosophila, as has been suggested previously (Sawyer et al. 2003 (Sawyer et al. , 2007 Bierne and Eyre Walker 2004; Welch 2006; Drosophila 12 Genomes Consortium 2007) . If this is the case, then the absence of a consistently measurable increase in the efficacy of positive selection on the X chromosome may reflect a violation of one or more of the underlying assumptions of this model. Namely, if on average positive selection does not act on novel mutations, if the selective effects of beneficial mutations are different in males versus females, or if these mutations are not at least partially recessive, then the theoretical predictions for increased rates of adaptive evolution on the X chromosome break down.
The observed differences in X-linked and autosomal substitution rates among species may also reflect the varied evolutionary histories across taxa, given interspecific differences in demography and life-history characteristics. Certainly, the effective population sizes are likely to vary across the phylogeny given that this genus includes both island endemics and cosmopolitan species. Little is known about the effective population sizes of most of the 12 species, but protein polymorphism data suggest that the D. sechellia has a lower effective population size than D. simulans and D. melanogaster and nucleotide polymorphism data suggest that D. melanogaster has a smaller effective population size than D. simulans (e.g., Moriyama and Powell 1996) . Finally, these results may be affected by the types of genes residing on the X chromosome versus the autosomes, and the variation among species with respect to relative rates of evolution of X-linked and autosomal genes may reflect interspecific differences in X versus autosomal gene complements. Although the rate of interchromosomal movement does appear to be quite low in Drosophila (Bhutkar et al. 2007 Ranz et al. 2001 Richards et al. 2005) , the evolutionary depth of the phylogeny under study may be sufficiently great that species could differ in their distributions of different functional classifications of genes. Moreover, expression patterns can diverge rapidly between species as well, particularly for male-biased genes , which could also alter the gene complements of the X and the autosomes in a lineage-specific manner. Finally, recombination rates appear comparatively labile across the Drosophila phylogeny. Crossover frequencies differ within the D. melanogaster species complex (True et al. 1996) , and there are suggestions that at least some regions in D. pseudoobscura and D. simulans may differ in their recombinational landscape relative to D. melanogaster Aquadro 1996, 1999) , possibly associated with inversion polymorphism. Moreover, D. pseudoobscura appears to have higher rates of recombination than its sister species D. persimilis, though both of these species appear to have higher recombination rates than D. melanogaster. This raises the possibility that there may exist lineage-specific changes in the recombination environment, which may further contribute to interspecific differences in rates and patterns of evolution between the X and the autosomes.
Based on our results, we can make several inferences regarding the molecular evolutionary process in Drosophila. First, given that the efficacy of purifying selection on synonymous sites appears to be significantly higher on the X chromosome than on the autosomes across species, this suggests that deleterious synonymous mutations are partially recessive on average in Drosophila and also indicates that purifying selection at synonymous sites acts predominantly on novel mutations. Despite the lack of strong signal of efficacious positive selection on the X chromosome, the analysis of pairs of orthologs and the analysis of the genomic distribution of putative positively selected genes hints at the possibility that at least some fraction of beneficial mutations is recessive and that positive selection can operate on novel allelic variants.
On balance, we believe, these results are consistent with an increased efficacy of positive selection on the X chromosome but are indicative of the great complexity of the molecular evolutionary process. We suggest that although positive selection does contribute to rates and patterns of evolution, rates of adaptive evolution from novel mutations are not sufficiently high to overwhelm all of the potentially contributing factors and systematically inflate rates of evolution on the X chromosome.
This analysis has identified outstanding questions that we hope to investigate further in the future. Namely, the observation of reduced divergence at 4-fold degenerate synonymous sites on the X chromosome of some species but not others may be suggestive of interspecific variation in sex-specific mutation rates and/or differences among species in life-history characteristics. Because our inferences of selection are confounded by these underlying processes, more sophisticated models are required to fully explain the lack of a consistent increase in the efficacy of positive selection on the X chromosome in Drosophila. Further work will be required to understand how the degree of variation in substitution rates between the X and the autosomes among species is affected by differences in lineage-specific patterns of positive selection, mutation rates, and demography.
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